Effects of several kinds of charcoal applied to soil on citrus growth and vesiculararbuscular mycorrhizal (VAM) development were investigated. Satsuma mandarin (Citrus unshiu Marc.) trees on trifoliate orange (Poncirus trifoliata Raf.) rootstocks were transplanted to root boxes using the soil mixed with charcoal derived from rice husk, citrus juice sediment or western spruce bark. The trees were inoculated with the spores of Glomus fasciculatum (Thaxter) Gerdemann and Trappe emend. Walker and Koske. Elongation of the roots in the charcoal treatments was more vigorous than that in the charcoal-free control. The fresh weigths of the root, shoot and the whole tree increased in response to charcoal application. The intensity of VAM infection in any charcoal treatment was higher than that in the control. In particular, the percentage of the infection in the rice husk charcoal plot was 41.5 and P concentration in the leaf exceeded that of the control.
Introduction
A classic book written in Japan (Miyazaki, 1697) explained that soybean plants vigorously flourished with a minimum of care when their seeds were sowed with charcoal. Recently, Ogawa (1987) reported that charcoal applied to the soil could stimulate the activity of soil microorganisms and promote the formation of root nodules and vesicular-arbuscular mycorrhizae in soybean roots.
VAM symbioses are exceptionally common among terrestrial flowering plants (Harley and Harley, 1987) . Among these plants, there is a wide range of dependency on VAM fungi for plant growth. Citrus is also infected by several kinds of VAM fungi and is considered highly dependent on them (Dixon et al., 1988; Edriss et al., 1984; Ishii et al., 1992b; Menge et al., 1978; Nemec, 1979) . These fungi improve mineral nutrition of the host by increasing P uptake from a P deficient soil (Antunes and Cardoso, 1991; Ferguson and Menge, 1986; Graham and Timmer, 1985; Krikun and Levy, 1980; Nemec, 1979; Tang et al., 1984) . Higher concentration of minor elements, especially
Zn (Krikun and Levy, 1980) and Cu (Timmer and Leyden, 1980) , were also observed after an inoculation with VAM fungi. Because the fungi provided essential elements for citrus growth, the infected trees could grow more rapidly and appeared healthier than non-infected trees. This phenomenon was especially noticeable in soils of low fertility (Nemec, 1979) . Furthermore, VAM fungi inoculation may increase tolerance to water stress by regulating stomatal opening through hormone synthesis (Graham et al., 1987) . In our reports, the photosynthesis and transpiration rates of VAM fungi-infected satsuma mandarin trees grow-ing in P-deficient soil surpassed those of non-VAM trees stressed by high temperatures in August (Shrestha et al., 1992) . Interestingly, an inoculation of VAM fungi improved the fruit quality of satsuma mandarin trees. In particular, it enhanced the Hunter's a/b value of peel color and the sugar content in juice (Ishii et al., 1992b) . In the citrus orchards where high quality fruit was produced, the percentage of VAM infection in the root was very high . In soils to which unfermented organic matter were added, ethylene has often been detected at concentrations high enough to inhibit the growth of citrus trees (Ishii and Kadoya, 1984) . -(phosphonomethyl) glycine (3 times in a year).
The charcoal plot had two pits (60 × 60 cm in width and 40 cm in depth) circling a tree and filled with 6 kg of rice husk charcoal. Paraquat dichloride was applied once annually. In the Bahia grass plot, the grass was mowed once each summer. Except for the abandoned plot, the rest received 32 kg N, 23 kg P, and 25 kg K per 10 a annually. The application of agrochemicals, such as fungicides and pesticides, followed the guidelines of disease and pest control for Ehime prefecture.
In early September of 1988, root samples were obtained from 3 to 5 places of each plot at a depth of 5-10 cm, and then the intensity of VAM infection was determined by the methods described above. The root structure was observed with a scanning electron microscope (SEM, JEOL type JSM -T200, Tokyo, Japan). The apical 20 mm of 20 elongating roots from each plot were rinsed with distilled water for a few seconds and the apices were immediately fixed in Karnovsky solution (Karnovsky, 1965) at room temperature for 24 hr. After being dehydrated through graded solutions of ethyl alcohol-acetone, they were divided into 4 segments in 100% acetone. These segments were then immersed in acetone for 2 hr, critical-point-dried, mounted on aluminum stubs with silver conducting paint, and coated with a thin layer of gold using an ion-coater (Eiko Engineering type IB -2, Tokyo, Japan). The roots were observed in a SEM and photographed.
Results Experiment 1.
No differences in soil pH among treatments were observed. The EC value of the charcoal treatments was higher than that of the control. The EC in the western spruce bark charcoal treatment was about 13 times higher than that of the control plot (Table 1) . This is because NaCl permeated into the bark during sea storage after being imported into Japan from North America. Soils treated with 3 kinds of charcoal had significant effects on growth, leaf P concentration, and VAM development in roots of satsuma mandarin trees. About 2 months after the onset of this experiment, except in the western spruce bark charcoal treatment, roots appeared on the glass plates, and their elongation rates indicated that roots in the charcoal-treated plots were more vigorous than ones in the control. As of November 8, 1989, the root length in any charcoal treatment was about 1.5 times longer than that in the control. The total fresh weights and the fresh weights of roots and shoots increased with charcoal treatments. The growth increments varied little among the kinds of charcoal ( Table 2 ). The intensity of VAM infection in any charcoal treatment was higher than that in the control; that of the rice husk charcoal treatment attaining 41.5% (Table 3) . Hardly any significant differences in leaf P concentration among treatments with western spruce bark charcoal, citrus juice sediments charcoal and the control were observed; but leaf P concentration in the rice husk charcoal treatment, which significantly stimulated VAM infection, was higher than that in the control (Table 3) .
The intensiy of VAM infection in the rice husk charcoal plot was 52%, the highest among plots. The intensity in the Bahia grass sod plot was second highest, whereas that of the abandoned plot was third. The lowest percentage of VAM infection was in the clean culture plot where herbicides were used 3 times a year (Table 4 ). The hyphae, vesicles and arbuscles of VAM fungi were fre- Table 1 . The pH and electric conductivity (EC) of soils treated with charcoal (Experiment 1) .
quently observed on/in citrus roots sampled from the charcoal-treated plots (Fig. 1) to an increase in the percentage of VAM infection in the roots. Ogawa (1987) also reported that the enhanced colonization by symbiotic microorganisms, such as Rhizobium and VAM fungi, by charcoal application, invigorated soybean plants. Table 2 . Effect of charcoal application on the growth of satsuma mandarin trees (Experiment 1) . Table 3 . Effect of charcoal application on vesiculararbuscular mycorrhizal (VAM) development and leaf phosphorus (P) concentration in satsuma mandarin trees (Experiment 1) . Table 4 . Effect of soil management on VAM development in Citrus iyo trees (Experiment 2) . The increased VAM infections by charcoal application may be because charcoal absorbs many kinds of toxic substances and agrochemicals which inhibit root growth and microbial activity. It has also been shown that some agrochemicals inhibit the germination of VAM spores (Kobayashi, 1988; Ogawa, 1987) . The growth inhibition of VAM fungi by fungicides such as thiophanate methyl, benomyl, iprodione, and copper fungicides is severe. In the case of herbicides, Kobayashi (1988) showed that the germination of Gigaspora margarita spores was severely repressed by 48 ppm paraquat dichloride or 410 ppm N -(phosphonomethyl) glycine. In our experiment, the percentage of VAM infcetion in the herbicide-treated clean culture plot is lower than that of the abandoned plot.
The pH value of water extracts from charcoal was high (Ishii and Kadoya, 1990) , indicating that charcoal ameliorated soil acidity. Generally, soil pH is low in citrus orchards in Japan, so that the percentage of VAM infection in the root is low and the number of VAM spores in the soil is small (Ishii et al., 1989b (Ishii et al., , 1992a . By neutralizing soil acidity, charcoal may be improving the growth and development of VAM fungi.
There are very few reports on VAM development in citrus trees grown in Japan. When roots of satsuma mandarin and Citrus iyo trees from 24 orchards in Ehime prefecture (in southwestern Japan) were observed for VAM infections, they were not extensive except for an orchard with good soil conditions which produced 9 ~ 10 t satsuma mandarin fruit per 10 a every year (Ishii et al., 1989b and Cardoso, 1991; Graham and Timmer, 1985) . Several kinds of VAM fungi, however, live in our soil in spite of many malpractices in our present soil management (Ishii et al., 1992a) . We suggested that VAM formation in citrus roots could be effectively increased through application of charcoal to the soil or introduction of a sod culture system. In particular, the application of charcoal is very effective for VAM development. Contrarily, an excess of charcoal inhibits citrus growth (Ishii and Kadoya, 1990) . This inhibition by an excessive application of charcoal might be concerned with an increment of soil pH value.
Therefore, an appropriate amount of charcoal to be applied is less than 2 t per 10 a (this is approximately equivalent to 2% charcoal, Table  2 ).
Furthermore, such an effect of charcoal may be strengthened by mixing charcoal and soil. VAM fungi develop well in citrus orchards where Bahia grass is used for sod . We have also indicated that the intensity of VAM formation on some weeds grown in citrus orchards was higher than that on citrus trees (Ishii et al., 1989a) . However, sod culture in commercial citrus orchards has been unsuccessful in Japan; most citrus growers believe that a clean culture is best for the production of high-quality fruits. Thus, our soil management system must be re-evaluated.
The prevailing cultural system in which large quantities of agrochemical and chemical fertilizers are used, should be thoroughly revamped so that a cultural system which maintains beneficial soil microorganisms is adopted. In conclusion, any application of charcoal to the soil is a practical method to improve soil properties and to foster the development of symbiotic microorganisms including VAM fungi. 
